Organs-on-chips are microfluidic cell culture systems that recapitulate the structure, function, physiology, and pathology of living human organs in vitro. In this article, we review recent development of various human intestine-on-a-chip models and their potential value for disease modeling, drug discovery, and personalized medicine.
T he major organ function of the human intestine is to carry out digestion, absorption, secretion, and motility, 1 in addition to establishing a protective epithelial barrier between this digestive environment and the body. In addition, intestines regulate systemic physiology by metabolizing drugs 2 ; communicate with other organs, such as the liver 3, 4 and pancreas, 5 via portal flow; and they contain an enteric nervous system that forms a part of the gut-brain axis. 6, 7 The intestine is also the major site at which commensal microbes of the gut microbiome live and interact with gut lymphoid tissues and the host immune system, which contributes significantly to intestinal homeostasis. 8, 9 For example, the gut microbiome and its metabolites (eg, short-chain fatty acids) have been recently shown to play a central role in the maintenance of intestinal health, immune modulation, and the development of both enteral and nonenteral diseases. 10, 11 However, analysis of gut microbiome interactions with human intestinal cells has been limited to genetic or metagenomics analysis because it has not been possible to coculture these microbes with living epithelium for more than about 1 day using conventional culture models or even more sophisticated intestinal organoid cultures. Thus, there have been great efforts to develop experimental in vitro or ex vivo models of human intestine that permit analysis of intestinal pathophysiology both in the presence and absence of living microbiome.
The most common in vitro intestine models used to study barrier function or model drug absorption involve culturing an established human intestinal epithelial cell line (eg, Caco-2 12, 13 or HT-29 14, 15 cells) on extracellular matrix (ECM)-coated, porous membranes within Transwell insert culture devices. Although these models are most commonly used by the pharmaceutical industry, this 2-dimensional (2D) culture format fails to recapitulate physiological 3-dimensional (3D) intestinal cell and tissue morphology or re-establish other key intestinal differentiated functions (eg, mucus production, villi formation, cytochrome P-450-based drug metabolism). 16, 17 These conventional static models also cannot support the coculture of commensal microbiome with human intestinal cells, which are critical for gut physiology, 16 because the bacteria rapidly overgrow and contaminate the human cell cultures within a day. Several ex vivo models, such as the everted sac 18 or the Ussing chamber, 19, 20 have been developed for drug transport assays; however, their expected lifespan (<8 hours) is not sufficient to enable many studies on normal intestinal physiology, develop intestinal disease models, or study clinically relevant host-microbiome crosstalk.
Although it had been technically challenging to culture primary human intestinal epithelial cells, intestinal 3D organoid cultures derived from either intestinal crypts containing endogenous intestine cells or from induced pluripotent stem cells have revolutionized the field by maintaining stem cell niches and supporting differentiation of various differentiated intestinal epithelial cell subtypes in vitro. 21, 22 When cultured within a 3D ECM gel in medium containing Wnt, R-spondin, noggin, and other growth factors, small intestinal organoids (enteroids) also spontaneously undergo villus-crypt morphologic organization and intestinal histogenesis. 22 Each organoid line derived from an intestinal tissue biopsy of an individual patient can be grown, frozen, and revived for multiple reuses, which can potentially be used to establish biobanks 23, 24 and develop multiplexed screening platforms for validating new drug candidates and to advance personalized medicine. 25 However, organoids are also limited in that they lack other supporting cell and tissue types found within the living intestine, such as endothelium-lined blood vessels and immune cells, which are important for drug transport, pharmacokinetic (PK) analysis, and disease modeling. They also do not experience fluid flows and cyclic mechanical deformations similar to those experienced in a peristalsing intestine that contribute significantly to intestinal health and function. Furthermore, because each enteroid forms a closed lumen when cultured within surrounding ECM gel, it is experimentally difficult to sample or manipulate luminal components (eg, microbial cells, nutrients, drugs, or toxins). This structure also significantly limits the ability of researchers to study many critical intestinal functions (eg, absorption, drug PK, or drug metabolism), in addition to critical host-microbiome interactions. 26 These challenges have recently been overcome by the development of microfluidic Organ Chip models of human intestine. Organ Chips are microfluidic cell culture devices, originally fabricated using methods adapted from computer microchip manufacturing (eg, soft lithography), which contain continuously perfused chambers inhabited by living cells arranged to simulate tissue-and organ-level physiology. 27 Over the past 5 years, Organ Chip models of intestine have been engineered with increasing complexity that also include neighboring channels lined by human microvascular endothelium, and commensal microbes, immune cells, and pathogenic bacteria, and some permit application of cyclic mechanical forces that mimic peristalsis-like deformations experienced by living intestine in vivo ( Figure 1 ). Next are review various types of engineered in vitro models that emulate the structure, function, physiology, and pathology of the living human intestine (Table 1) . Also considered are the implications of this work for development of more complex disease models, drug development, and personalized medicine in the future.
Microfluidic Intestine Chip Models
Microfluidic devices containing hollow microchannels less than 1 mm in width support laminar fluid flow and control of nanoliter to microliter scale fluid volumes, and thus, they are amenable to use for culture of living cells. By using a syringe or a peristaltic pump, culture medium may be perfused at desired flow rates through each microchannel, which can mimic the dynamic ranges of fluid flows and associated shear stresses on the cell surface that are observed in the human intestinal lumen, 28, 29 and in the blood capillaries. This fluidic control also enables delivery of nutrients, growth factors, drug compounds, or even toxins to the intestinal epithelium grown on the microfluidic channels in a highly regulated spatiotemporal manner.
Most of the Intestine Chips contain 2 hollow channels separated by a common porous, ECM-coated polyester or polycarbonate membrane, which had immortalized human intestinal epithelial cells cultured on 1 of its surfaces. 30 The epithelial monolayer formed in this device could be probed from both the apical and basal sides of the epithelium, and this enabled quantification of tight junction barrier function 31, 32 and absorption of nutrients 33 and drugs. 30, 34 Some devices integrated multiple chambers with different types of cells to measure PK and pharmacodynamics (PD) properties of drug compounds in vitro. [35] [36] [37] However, the cells were seeded at a low density in these studies and they were perfused only through the apical channel; as a result, the monolayer of the immortalized intestinal cells could only be cultured for a limited time (<5 days). A more recent study demonstrated real-time barrier integrity assessment capabilities in a membrane-free culture of perfused intestinal epithelium tubes. 38 To better mimic the 3D form of human intestine using cell monolayers cultured under microfluidic flow, micromolding methods have been used to form polymeric scaffolds (eg, Ca-alginate or collagen gel) into villus-shaped structures. 39, 40 Culturing human Caco-2 intestinal epithelial cells on these crenulated surfaces was shown to promote formation of a similarly crenulated epithelium, and this was accompanied by increased absorption of drug compounds and improved cellular metabolic enzyme cytochrome P-450 activity in response to apical fluid shear stress. 39 However, this design did not enable analysis of intestinal barrier function because the solid polymer material blocked the abluminal surface of the epithelium.
A multichannel Intestine Chip called HuMiX also has been described that separates a luminal microbial compartment from layers of Caco-2 intestinal epithelium by nanoporous membranes. 41 This model was shown to facilitate survival of a host-microbiome ecosystem containing Caco-2 cells and anaerobic human gut bacteria (eg, Bacteroides caccae) with constant perfusion of culture medium. 41 However, these studies were carried out in the absence of mechanical deformations similar to those associated with peristalsis that can critically influence the microbial growth in the intestine. 42 This experimental model is also limited by the physical separation of microbial and host epithelial cells by a nanoporous membrane, and the fact that the cocultures can only survive for short times (<24 hours), which may restrict its use for long-term profiling of host-microbial interactions and intestinal pathophysiology.
Mechanically Active Gut Chip Model
A more sophisticated, microfluidic 2-channel Gut Chip model has been developed that enables human intestinal epithelium, capillary endothelium, immune cells, and even commensal microbial cells to grow, coexist, and interact while experiencing physiologically relevant fluid flow and peristalsis-like mechanical deformations in vitro. 42 We use herein "Gut Chip" to refer to previously published human intestine model using Caco-2 cells that used this term. 16, 17, 42 The Gut Chip is made of a flexible, gas-permeable, silicone polymer (polydimethylsiloxane [PDMS] ) that is crystal clear so that it allows high-resolution imaging by phase contrast, differential interference contrast, or immunofluorescence confocal microscopy. It contains 2 parallel microchannels (<1 mm wide) separated by a thin (w20 mm), ECM-coated, flexible, porous PDMS membrane, and it is surrounded on both sides by hollow, full height, side chambers ( Figure 1A) . 16, 17, 42, 43 Intestinal epithelial cells are cultured on the top surface of the membrane within the upper parenchymal channel, and microvascular endothelial cells are grown on the lower surface of the same membrane within the lower vascular channel to recreate the intestinal tissue-tissue interface. Importantly, pneumatic application of cyclic suction to the hollow side chambers results in outward deformation of the vertical side walls and attached horizontal ECM-coated membrane with the adherent cell layers, thereby mimicking cyclic mechanical deformations similar to those experienced by the intestinal tissues during peristalsis ( Figure 1A ).
Under these physiological conditions, human Caco-2 intestinal epithelial cells, which characteristically grow as flattened cells within a planar monolayer in conventional 2-dimensional cultures, spontaneously undergo villus morphogenesis inside this mechanically dynamic Gut Chip ( Figure 1B) . 17 The microengineered villi are lined by all 4 lineages of differentiated small intestinal cells (absorptive, goblet, enteroendocrine, and Paneth), which exhibit columnar cell morphology similar to that observed in the living intestine. 17 Intestinal villus morphogenesis on-chip is also accompanied by establishment of a crypt-villus axis, including restriction of proliferative cells to the basal crypts and their upward migration, drug metabolizing activity, mucus production, and glucose reuptake. 17 Importantly, because the Gut Chip has continuous fluid flow, villi formation, and mucus production, it is also possible to coculture living commensal microbes (eg, Lactobacillus rhamnosus GG) 16 or the VSL#3 clinical probiotic formulation containing 8 different microbial strains 42 ) in direct contact with the intestinal epithelial cells within the lumen of the parenchymal channel for weeks in vitro without compromising barrier integrity or intestinal cell function ( Figure 1C) . 16, 42 In fact, barrier function was shown to increase when the intestinal epithelium was cocultured with L rhamnosus GG. 16 In addition, transcriptomic analyses targeting approximately 23,000 human genes revealed that the in vivo relevant fluid flow and physical deformations dramatically changed the gene expression profiles compared with the static Transwell cultures, and that mechanically active Gut Chips that also contained a mixture of commensal microbes (VSL#3 probiotic formulation) showed the highest level of genetic similarity to normal human ileum.
Taken together, these data suggest that the Gut Chip that emulates the dynamic human intestinal microenvironment more faithfully mimics intestinal function than previously described in vitro intestine models. Pathogenic bacteria, such as enteroinvasive E coli, also can be integrated into this model system, with or without commensal microbes of the normal microbiome, to study how interplay between these microbes and human intestinal epithelial cells contributes to intestinal homeostasis and intestinal disease development. 42 Indeed, the Gut Chip was used to demonstrate complex immune-microbiome inflammatory interactions germane to chronic inflammatory diseases, such as inflammatory bowel disease (IBD). 42 Addition of lipopolysaccharide endotoxin to the luminal microchannel also was shown to induce secretion of the proinflammatory cytokines, interleukin-1b, -6, -8, and tumor necrosis factor-a into the lower vascular channel. Moreover, this was accompanied by increased expression of intercellular adhesion molecule-1 on the endothelium, villus blunting, and compromise of intestinal barrier function, but only in the presence of white blood cells (eg, peripheral blood mononuclear cells) that were infused through the capillary microchannel. Moreover, additional experiments confirmed that all 4 cytokines were required to be present at the concentrations measured within the capillary channel to induce this intestinal injury response. Interestingly, additional studies revealed that cessation of cyclic peristalsislike mechanical motions caused an increase in bacterial overgrowth in the Gut Chip, which closely resembled the small intestinal bacterial overgrowth that can result from cessation of peristalsis in patients with ileus. Thus, by being able to control flow independently of mechanical deformations, this study revealed that the past clinical assumption that small intestinal bacterial overgrowth results from cessation of fluid flow when peristalsis is inhibited 44 is incorrect; instead, it is the lack of mechanical deformations that drives this bacterial overgrowth response. Thus, the innovative modularity of the microfluidic Gut Chip ( Figure 1A) can be leveraged to gain new insights into intestinal pathophysiology, and to understand disease mechanisms in ways that are not possible using conventional in vitro gut models or simpler microfluidic Intestine Chips.
Human Primary Intestine Models
Although human Intestine Chips lined by established intestinal epithelial cell lines (eg, Caco-2 cells) have been shown to mimic many physiological and pathophysiological functions of the human intestine, they are still limited by the fact that they use immortalized cells that were originally isolated from a human tumor. For example, these cultures might be particularly difficult to use in studies where genome fidelity is important (eg, analysis of intestinal cancer formation). In vitro intestine models have been created using human fetal intestinal tissue explants, but they deteriorate within 24 hours of culture. 45, 46 Human intestinal organoids offer another way to study normal human intestinal stem cell differentiation and villus morphogenesis in vitro; however, they do not recreate a physiologically relevant physical microenvironment (fluid flow, peristalsislike deformations) and their enclosed lumens limit their value for transport studies and coculture with pathogens.
To overcome these challenges, human enteroids 47, 48 or colonoids 49 created from patient biopsies have been enzymatically fragmented and the released intestinal stem cells plated on Transwell inserts to create primary human intestinal monolayers, which permit sampling from both the apical and basolateral sides in vitro. These models showed establishment of intact polarized monolayers with apical villin and basolateral Na þ /K þ -ATPase expression 47 and successful cultivation of multiple human norovirus strains in the presence of bile. 48 Although static Transwell cultures offer better access to the apical lumen of these organoids, they still lack other organlevel features of the intestine, including an endothelium-lined vascular compartment, flow, cyclic mechanical deformation, or immune cells, which have been shown to be important for mimicking intestinal physiology and pathophysiology in the human Gut Chip. 42 Organoid cultures also have been modified to address some of these challenges. For example, application of mechanical forces to ECMs containing organoids has shown to modulate their phenotype and influence primary intestine cell differentiation. 50 In addition, miniaturized bioreactors have been developed to generate fluid flows that facilitate nutrient and oxygen uptake, and fluid shear stresses that convey physiologically relevant mechanical signals to cells in organoid cultures. 51 Most recently, organoid and organ chip approaches have been combined to develop a microfluidic primary human Intestine Chip model. Human enteroids cultured from patient duodenal biopsies were enzymatically fragmented and the released intestinal stem cells were plated on the ECMcoated porous membrane of a 2-channel PDMS microfluidic device with primary human intestinal microvascular endothelial cells on the opposite side of the same membrane within a parallel channel. 52 Much like the Caco-2 cell-lined Gut Chip, with application of fluid flow and peristalsis-like deformations, the intestinal epithelial cells undergo villus histogenesis with multilineage differentiation. Interestingly, although this differentiation process is similar to that observed within the intestinal organoids, transcriptomic analysis revealed that the mechanically active Intestine Chip more closely mimics the proliferation and host defense response to infection functions of the human duodenum from which the organoids were originally isolated.
Thus, this primary Intestine Chip may be useful as a research tool for many applications where normal intestinal function is crucial, including studies of metabolism, nutrition, and cancer progression, as well as drug absorption and PK/ PD. It also may offer a novel method for emerging disciplines, such as personalized precision medicine, 53, 54 which are in constant search for faithful and robust tools for disease modeling and drug discovery. Genetic polymorphisms in drug transporters, drug-metabolizing enzymes, and drug targets have been linked to the efficacy, dosage, and toxicity profile in humans. 55 Hence, possible applications for this model range from studying specific pathologic mechanisms (eg, inflammation, infection, and nutrient malabsorption) to drug discovery in disease-specific and patient-specific contexts.
Limitations of Human Intestine Chip Models
Although microfluidic Intestine Chip models faithfully mimic many different phenotypes and responses of human intestine, they only incorporate limited components of the 4-layered intestinal wall, and these missing features might play a significant role in some disorders. For example, smooth muscle cells express Toll-like receptors 1-9 and can regulate neuronal integrity by modulating glial-derived neurotrophic factor production. 56 This is important because the enteric nervous system regulates intestinal secretion, blood flow, and gut motility. 57 Subtle alterations in transmitter production and release have been linked to functional and inflammatory diseases of the gastrointestinal tract. [58] [59] [60] Thus, adding more components, such as muscle and nervous system cells, should be considered in the future for relevant applications.
Although PDMS holds many favorable properties for manufacturing microfluidic organ devices, it also has the potential drawback of adsorbing small and hydrophobic molecules. 61, 62 To overcome this, surface modification of PDMS or alternative polymeric (eg, polyurethane, styrenic block copolymers) 63 or ECM-based materials 64 could potentially be used in studies designed to predict drug bioavailability or absorption. Alternatively, when using Organ Chips to model drug PK and PD, PDMS adsorption can be taken into account using computational modeling for most compounds. 65 In addition, most of the past work on Intestine Chips has been carried out in academic laboratories, and thus, the results and robustness of the models can vary from laboratory to laboratory. However, the recent emergence of multiple companies that are beginning to commercialize Organ Chip technology offers great hope that issues relating to scale up of manufacturing, robustness, cost, and ease of use will be resolved over time. These challenges must be overcome before human Intestine Chips become a common tool used in academic and industrial research laboratories around the world.
Disease Models Using Human Intestine Chips
Only a small body of work has been published on disease models using microfluidic intestine devices. The 2-channel human Gut Chip was used to coculture multiple commensal microbes in contact with living human intestinal epithelial cells and to analyze how gut microbiome, inflammatory cells, and peristalsis-associated mechanical deformations independently contribute to intestinal bacterial overgrowth and inflammation, which are associated with IBD. 42, 66 Recent studies suggest that the same Gut Chip model can be used to model the radiation injury response of human intestine (eg, cell death, villus blunting, compromised barrier function) when exposed to g-radiation, and prevention of these responses using a potential prophylactic radiation countermeasure drug. 67 In addition, the recently developed primary human Intestine Chip also has been used to model differential sensitivity of intestinal responses to bacteria with different levels of virulence (Kasendra et al, unpublished data) .
A potentially important application of the microfluidic Intestine Chip models is to study various types of enteropathies for which current in vitro models have only a limited ability to recapitulate, such as those associated with environmental enteric dysfunction, 68 colorectal cancer, 69 cystic fibrosis, 70 bacterial infectious diseases, 71 and celiac disease. 72 We believe the likelihood that Intestine Chips will be able to meet this challenge is high given the successful modeling of other complex diseases (eg, pulmonary edema, 73 asthma, 74 chronic obstructive pulmonary disease, 74, 75 or Barth syndrome 76 ) with other microfluidic Organ Chips. Moreover, we have previously demonstrated that the Gut Chip can be used to model key features of human intestinal diseases, including IBD and small intestinal bacterial overgrowth caused by ileus. 42 In addition to recapitulating disease phenotypes, human Organ Chips offer a unique way to get insight into the molecular, genetic, and biophysical basis of disease based on their ability to incorporate different levels of cellular complexity, and to independently control various critical parameters (eg, chemical gradients, mechanical forces, cell types, and ECM). 42, 77 In past Gut Chip disease modeling studies, induction of the pathologic phenotype was accomplished by exposure to specific pathogenic organisms, toxins, or inflammatory mediators (eg, cytokines), with combination of 2 or more of these factors being required to produce disease responses. 42 For example, both lipopolysaccharide endotoxin and immune cells had to be added simultaneously in the Gut Chip to produce villus blunting and compromise intestinal barrier function, and neither could induce this response on their own. 42 Inclusion of additional components, such as microbiome, 16, 42 pathogenic bacteria, 42 mechanical cues, 17, 42 ECM, connective tissue cells, neuronal cells, organspecific immune cells, and/or hormonal signals might be needed to model other specific phenotypes that result from complex interplay among several signaling pathways. This goal also might be achieved by creating Intestine Chips with cells isolated from intestinal biopsies taken from patients with specific diseases. This approach also could facilitate development of robust personalized disease models for improved drug screening and matching. 78, 79 Intestine Chip Models for Developmental Therapeutics
Intestine Chip-based disease models can be exploited to identify new therapeutic targets, repurpose existing drugs, test new therapies, and carry out PK/PD testing in vitro. Although extensive testing with conventional culture models and animal experiments are commonly carried out before performing clinical trials, these models often fail to predict efficacy and safety of novel drugs, which results in loss of enormous amounts of money, time, and effort. 80 In addition, drug toxicities and efficacies greatly vary depending on the individual patient, given both genetic 81 and environmental influences (eg, nutrients, 82,83 drug intake, 83, 84 gut microbiome 85, 86 ). To meet this challenge, there has been increased interest in pursuing a personalized medicine approach to develop therapeutics that are tailored for an individual patient's genetic background. Primary intestine models can facilitate this approach by engineering artificial intestine microenvironments using the patient's own cells (epithelial, endothelial, immune, connective tissue, or neural) and gut microbiome. Because the intestine is a major site for drug metabolism (both by cytochrome P-450 enzymes in intestinal epithelial cells and by the gut microbiome 87 ), creation of Intestine Chips can facilitate study of drug breakdown both alone and when coupled to other Organ Chips that also contribute to drug metabolism (eg, Liver Chip) and clearance (eg, Kidney Chip) in a human Body-on-a-Chip configuration. 36, 37 Importantly, the gut microbiome in a mouse or other laboratory animal is remarkably different from that in a human (eg, w85% of gut microbiome that colonizes in human does not exist in mice 88 ), and thus, creation of human Intestine Chips with human microbiome could have a major positive impact on this field. Intestine Chips that contain human intestinal microbiome should better recapitulate metabolism of oral drugs, and hence, testing of novel drug compounds on these platforms could lead to results that inform clinical trials design in a helpful way. We envision that integrating patient-specific intestinal organoids, local immune cells, and the commensal microbiome into Intestine Chips will create a highly defined and controllable translation platform that should accelerate discovery of new drug and personalized precision therapeutics.
It is important to note that commensal microbes also can be developed as probiotic therapeutics for treatment of human intestinal diseases. For example, fecal microbiota transplantation containing commensal microbes has already been approved by the US Food and Drug Administration for treatment of Clostridium difficile infections by restoring the normal gut microbiome in these patients. 89, 90 Probiotic formulations also have been used to treat inflammation associated with IBD, although the effectiveness and mechanism of action have not been fully validated. 91 Importantly, the probiotic L rhamnosus GG was shown to increase intestinal barrier function when cocultured in the lumen of the intestinal epithelial channel of the human Gut Chip, 16 and the VSL#3 probiotic formulation suppressed villus blunting and loss of barrier function induced by infection with pathogenic E. coli in this model. 42 Thus, the Intestine Chip approach also may be useful for discovery of new microbiome-based therapeutics, such as genetically engineered commensal bacteria. 92 By integrating circulating and organ-specific immune cells into Intestine Chips, they might be useful for in vitro development of new mucosal vaccines. 93, 94 
Conclusions
In this article, we reviewed recently developed microfluidic human Intestine Chip models and described the advantages they offer relative to commonly used 2D and 3D in vitro culture systems, including their ability to more closely emulate the structure, function, physiology, and pathology of the living human intestine. Microfluidic Organ Chip systems provide unparalleled independent control over multiple key biologic, chemical, molecular, cellular and mechanical parameters within the intestinal microenvironment, thereby enabling researchers to apply a synthetic biology approach at the cell, tissue, and organ levels that can lead to new insights into intestinal physiology and disease mechanisms. By harnessing these unique capabilities, Intestine Chips can be applied to analyze the molecular processes underlying various enteropathies, and to advance development of new therapies. Creation of personalized Intestine Chips containing stem cells, microbiome, and immune cells from the same patient will offer a powerful new approach to define patient-specific drug responses and toxicities, and hence to advance precision medicine. This field is still in its infancy, and there remains much to be done in terms of increasing the robustness of these models and validating their value for drug development and personalized medicine. However, the advantages they provide over conventional culture systems, and even enteroid cultures, are becoming increasingly clear.
